In this paper, a new 2D-DOST (Two-Dimensional Discrete Orthonormal Stockwell Transform) and LS-SVM (Least Squares Support Vector Machines) based classifier system is proposed for classification of texture images. The proposed system contains two main stages. These stages are feature extraction and classification. In the feature extraction stage, the distinguishing feature vectors which represent descriptive features of texture images are obtained by using a 2D-DOST based feature extraction method. In the classification stage, the texture images are classified by the LS-SVM since this classifier has high success rate and accuracy. The training of LS-SVM is performed on the distinguishing feature vector of each texture component. Texture samples are recognized by the test data applied to the input of trained LS-SVM classifier. Performance evaluations of the proposed method are carried on different datasets obtained from sub-images. These datasets include both the normal texture images and noise added images. Sub-images into datasets are derived from Brodatz and Kylberg texture images database. Gaussian and Salt & Pepper noise with different levels are used for creating noisy datasets. According to the study results, the proposed 2D-DOST and LS-SVM based classifier has a capability of classifying texture images with high success rate and noise robustness. 
Introduction
Analysis of texture images is a common research topic in the field of computer vision and image processing. Textures are frequently used in the fields of machine vision such as surface examinations, scene classification, surface orientation and object recognition [1] . The classification process of texture images is a popular field of study in texture analysis. Texture analysis methods generally consist of feature extraction and classification stages. At feature extraction stage, feature vectors are generated by obtaining a set of distinguishing characterizations for each texture images. These feature vectors that contain significant information about texture samples are used in the classification process. Therefore, an effective feature extraction substantially affects the performance of classification stage.
The approaches used in extraction of texture image features are generally divided into three categories. These categories are statistical, model-based and signal processing [2] . In statistical-based approaches, some statistical methods are applied on the image pixels and certain portions of the image. Cooccurrence matrix method is one of the most important statistical methods used in texture images [3] . Another important statistical method is Local Binary Pattern method [4, 5] . Model-based methods function according to probability distributions in random fields in characterizing the texture images. The commonly used model-based methods are Autoregressive Model (AR) [6, 7] , Markov Chains and Markov Random Fields (MRFs) [8, 9] , Wold decomposition model [10] and spatial autocorrelation function model [11] . Many various filtering techniques are used for decomposition of texture images in the methods based on signal processing technique. Gabor filters [12] [13] [14] and wavelet transform [15] [16] [17] are frequently-used signal processing techniques in texture analysis. In Gabor filtering, image data are decomposed by filter bank set to various spatial-frequencies and orientations by covering the suitable spatial frequency domain. Decomposed image coefficients are used for generating feature vectors. Wavelet transform method is also similar to the Gabor method. Waveletbased method has Discrete Wavelet Transform (DWT) filters instead of Gabor filters. Another feature extraction method used in the literature is DOST [18] . The DOST has been successfully applied in signal analysis to channel instantaneous frequency analysis. It has also been recently applied to image processing such as image texture analysis [19] , image restoration [20] and image compression [21] .
In the classification stage of the texture analysis, some basic classifiers are used effectively. Generally, these classifiers are trained with image feature vectors and then texture images are automatically recognized. Backes et al. [22] presented a complex network theory for classification of texture images. In the study of [2] , classification and segmentation of texture samples were performed by applying the Gaussian-mixture model based classifier on texture features obtained from the feature extraction. Sengur et al. [23] proposed a Wavelet Packet Neural Network method for classification of texture samples. They used Multi-Layer Perceptron classifier on the features obtained from the wavelet packet feature extraction.
SVM based texture classification works are conducted in the studies [24] [25] [26] . Avcı et al., [27] , performed the algorithm called GDWNN which uses the combinations of Genetic Algorithm, DWT, and Neural Network in classification of texture images. Celik and Tjahjadi [28] proposed a Dual-Tree Complex Wavelet Transform-based classifier method for classification of texture images. Karabatak et al., [29] suggested a wavelet domain association rules based classification method to classification of texture images.
In this study, a new 2D-DOST and LS-SVM based classifier algorithm for classification of texture images has been proposed. Due to its multiresolution nature and effective time-frequency representation, 2D-DOST method is used in the feature extraction stage of this algorithm. Horizontal and vertical frequency-time components of the texture images are obtained from 2D-DOST method. In the classification stage, the LS-SVM classifier is used on the feature vector that obtained from the feature extraction.
The main aim of this study is to generate distinctive feature of texture images using a new algorithm based on 2D-DOST feature extraction method. Thus this algorithm can be a new approach for the recognition of the texture images. The performances of the proposed classifier algorithm on both normal and noisy data are evaluated separately. The performance results are showed that 2D-DOST and LS-SVM algorithm can be effectively used in the texture classification. Proposed algorithm gives reasonable success rate for modern texture samples as Kylberg dataset. When the classification results in this article compared to the various feature selection, classifier and other similar literature studies, our proposed method has a higher classification performance than other.
Proposed Texture Classification Method
In this study, we proposed a 2D-DOST and LS-SVM based method in classification of texture images. In this classification algorithm, 2D-DOST method is used for extraction distinctive features of the texture images. A number of statistical methods are applied on the horizontal and vertical coefficient components obtained by means of the 2D-DOST methods. The outputs of statistical methods are used to generate feature vectors. These feature vectors involve distinguishing information about the texture images. The feature vectors are applied to the LS-SVM classifier as input data and the texture images are classified. The block scheme showing the operating structure of the proposed 2D-DOST and LSSVM classifier system is given in the Figure 1 .
The steps of the proposed classifier system can be defined as follows: Step 1: Sub-images of sizes 128 x 128 derived from the original texture database randomly. These derived sub-images are used as input data of the classification algorithm.
Step 2: dimensional coefficient matrices (Ma, Mb, Mc) are obtained by using the 2D-DOST method on the sub-images. These coefficient matrices involve the values in the specified ranges of time-frequency bands belonging to the transformed texture images. The voice frequencies band widths are in the form. For this study we specified three different bandwidths that determined coefficient matrices. These bandwidths were defined as β=4, 16 and 32. The bandwidths were selected by considering low and high frequency components. In Figure 2 is shown the some sample texture images and its 2D-DOST transform results. Step 3: Some basic statistical methods such as energy, mean, standard deviation, entropy, contrast and homogeneity are applied on the Ma, Mb and Mc coefficient matrices. The values calculated from the statistical methods for each of the texture image are used for building feature vectors. The dimensions of the feature vectors are 18 (6 methods x 3 matrices). Equations associated with some basic statistical methods are as follows:
Step 4 Step 5: At this step, test data are applied on the trained LS-SVM classifier input. The class information formed as a result of classification for each test data is transferred to the output. The performance evaluations are carried out by comparing the obtained output data and the actual data. Finally, correlation matrices are generated for each texture images. Correct and incorrect classification results are used for evaluating performance of the classifier algorithm.
Datasets
In this study, two different texture dataset are used. Performance evaluation of the proposed algorithm is performed on these dataset both separately and hybrid. The numerical distribution information regarding the datasets prepared under the study is given in Table 1 .
Experimental Results
For the experimental results, classification processes are performed separately on the training and test data given in The proposed method correctly classified D94, D9, Gravel, D112, D68 and D84 texture images within the normal dataset 100% without any error. Similarly, the recognition rate of D94, D9, D68, D112, D68 and D84 texture images inside both the noisy datasets and normal datasets is quite high. It is clearly seen that the performance of 2D-DOST and LS-SVM-based classifier is high on the mixed dataset. It is also seen that the result of the classification for the noisy data shows variations and give lower values compared to the data without imposed noise. D16 is most affected texture from the imposed noise for the recognition performance with the lowest value of 45%.
When the results belonging to mixed dataset are analyzed in Table2, it is seen that the proposed method with mixed dataset is reasonably robust against noise. The comparison of the classification method proposed in this study with other similar studies available in the literature is given in Table 5 . The performances that the reference studies on Brodatz database are taken into consideration. It is seen that our proposed method has better results when compared to other methods. Reference Study Success Reference [23] 95.00% Reference [27] 93.25% Reference [19] 91.70% Reference [29] 97.00% Reference [22] 95.27% Our Proposed Method 98.70%
Conclusion
In this study, a new method using the 2D-DOST feature extraction and LS-SVM based classifier algorithm for classification of texture images is proposed. At the feature extraction stage, a set of statistical methods are applied on the coefficients of each texture image transformed by means of 2D-DOST method. The feature vectors of texture images are used as the inputs of LS-SVM classifier. . This study also presents many important information about the using 2D-DOST feature extraction method in the image processing field.
Future Works
In the future works, different classifiers will be implemented on the proposed model and performance comparisons with LS-SVM classifier will be obtained. Furthermore, the performance for the texture images with rotations will be investigated which could be a feasible task to evaluate the performance of the proposed model.
